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I. INTRODUCTION
Double-barrier resonant tunneling nanostructures ͑DBRTNS͒ have attracted great research interest because of their many potential device applications, and their significance in the study of the physics of confined structures. Both dc and ac transport characteristics of the system have been studied extensively while most of the dc transport properties, such as the linear and nonlinear response, as well as the Kondo effect, have been made clear. The current research interest focuses on the ac transport properties, some of these studies are based on simulation of a realistic device using detailed numerical procedures, 1,2 while others are based on simple discrete models. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, the effect of timevarying charge density on the systems is still a lessinvestigated problem, which is important in determining the ac conductance.
2,3,15,16 While Ref. 17 discussed the pitfalls of many existing ac conductance theories qualitatively, Büttiker and co-workers 15,16,18 -21 have formulated a theory of ac conductance in the linear response and low-frequency regime that is applicable to mesoscopic structures with charging effects, based on both continuous and discrete models. The effect of time-dependent charge density in and outside the well around the barriers is of importance in determining the dynamic conductance, because charge density and related internal potential will be directly related to the charge and current conservation, as well as the gauge invariance of conductance under an overall potential shift. Recently, with the help of the discrete models including some geometry capacitances, some authors have studied ac conductance and charging effect of the DBRTS, as well as ac Kondo effect. 14, 22 By making use of the continuous model we study in this paper the electronic properties of a DBRTNS such as induced internal potential and charge-density distribution, and low-frequency conductance, to illustrate the role of the induced internal potential and charge density and the influence of reservoir temperature on the ac transport of nanostructure systems, extending the discussions in Ref. 23 . As the DBRTNS is a typical resonant device, we study its electronic transport properties around and far from resonance, and explore the difference between them. Our particular interest focuses on the effect of temperature on these transport properties.
Our calculation of the internal potential and charge density shows that when the transmission probability is small ͑far from resonance͒, the antisymmetrical charge distribution exists only around the double barrier under the influence of the applied ac voltage. For the case of near resonance with a large transmission probability ͑but ͉s 12 ͉ 2 Ͻ1), we find a considerable amount of charge pile up in the well region as well as on both sides beyond the double barrier. As for resonant case or when the incident energy of the carriers is much higher than the barrier height, our results show that the charge distribution around the double barrier is almost zero. We find that the diagonal emittance ͑low-frequency term of ac conductance͒ depends crucially on the relative energy of the Fermi level to the resonant energies. It is negative ͑re-flecting inductive behavior͒ when the Fermi energy is very close to the resonant energies but within the barrier height, and reaches the negative maximum ͑inductive peak͒ at resonant energies, while it is always positive ͑reflecting capacitive behavior͒ and develops two positive maxima ͑capacitive peaks͒ near but on the both sides of the inductive peak when the Fermi energy is far from resonant energy. This result is in agreement with that in Ref. 15 . In addition, we find that the capacitive peaks correspond to the maxima of charge-density fluctuation, and inductive peaks to zero charge-density distribution. Therefore, the sign and magnitude of the emittance reflect how the carriers pile up in the system under the application of an ac field, and how the temperature of the system affects the carrier pileup and in turn affects the distribu-tion of the internal potential and the admittance. This is in accordance with the previous works by Büttiker and co-workers. 24 
II. THEORY
The local partial density of states ͑LPDOS͒ is a very important concept in the scattering theory of quantum transport in mesoscopic conductors. 19 It originates from the displacement current that is the response of the long-range coulomb interaction to an ac perturbation in electron reservoirs. The LPDOS is given by
͑1͒
where ␣, ␤ are the leads indices, and s ␣␤ are the elements of the scattering matrix. We consider in this paper the tunneling model of a one-dimensional double-barrier potential connected to two leads with a finite cross-sectional area, which is assumed to be a constant. However, here we study only the case in which the Fermi levels in the left and right reservoir are equal so that the internal potential is due solely to the ac perturbation in the electron reservoirs. For a general one-dimensional scattering potential, the scattering matrix can be determined by partitioning the onedimensional space into many narrow regions and using the transfer matrices between two neighboring regions. The transfer matrix between two neighboring regions is obtained by matching the wave functions and their derivatives at the boundary of the two regions. With the LPDOS defined in Eq. ͑1͒ the injectivity can be defined by
which describes the carrier density of states incident in the probe ␣ regardless of which probe it goes out. 16 This is justified by the formula of dn ␣ (x)/dE derived by Gasperian et al.
where v ␣ is the incident velocity of the carriers and ␣ (x) is the scattering wave function.
In the presence of a small ac voltage v ac applied to the probe ␣ (␣ϭ1,2), the internal potential U(x) is given by U(x)ϭu ␣ (x)ev ac , where u ␣ is termed characteristic function. The internal potential is caused by the charge distribution around the mesoscopic conductor under an ac voltage. Using the Thomas-Fermi approximation, the characteristic function u ␣ satisfies the Poisson equation: 16, 21 
where dn(x)/dEϭdn 1 (x)/dEϩdn 2 (x)/dE is the total local density of states. Under the Thomas-Fermi approximation the second term in Eq. ͑4͒ is the induced charges in the conductor and the third term is clearly the injected charges. For finite cross-sectional area of the leads, we should have the transverse direction (y and z), and the formula ͑4͒ for the injectivity should be multiplied by ͉(y,z)͉ 2 , where (y,z) is the wave function describing the confinement of the carriers in the transverse direction. If we assume that u ␣ depends on x only, we obtain the following equation by integrating over y and z and using the fact that ͐dydz͉(y,z)͉ 2 ϭ1:
where A is the finite cross-sectional area of the left and right leads. It is noticed that the case of infinite cross-sectional area has been considered by Zhao et al. 23 To solve Eq. ͑4a͒ for u ␣ (x), we need the boundary values of u ␣ (x). In Ref. 23 the authors used the neutrality condition to determine the boundary values of u ␣ (x):
However, the authors only considered the zero-temperature case (Tϭ0) where the injectivity is much simple to calculate
2 )/2 and u 1 (x R )ϭ(1Ϫ͉s 11 ͉ 2 )/2 when Tϭ0. Physically, the point x L (x R ) is located somewhere in the left ͑right͒ lead where the charge vanishes. In addition to the zero-temperature case we study in this paper also the nonzero temperature case, which provokes Eq. ͑3͒ instead of Eq. ͑3Ј͒. Accordingly, we have
͑6͒
With the quantities of LPDOS, injectivities and internal potentials obtained, one can then proceed to calculate the admittance at low frequencies: 15, 19 
where is the frequency of the ac bias, g ␣␤ (0) the dc conductance, and
is the emittance. The term ͐dxdn ␣␤ (x)/dE is interpreted as the global carrier density of states for those carriers injected into lead ␤ and going out lead ␣. Thus the first term in Eq. ͑10͒ multiplied by e 2 v ac , where v ac is a small ac bias applied to probe ␤, gives the injected charges for those carriers injected into lead ␤ and going out lead ␣. On the other hand, the second term in Eq. ͑8͒ multiplied by e 2 v ac represents the corresponding induced carrier density based on the ThomasFermi model. Therefore, we conclude that the quantity e 2 E ␣␤ v ac is equal to the net charge in the conductor caused by those carriers injected into lead ␤ ͑by v ac ) and going out lead ␣. The charge e 2 E ␣␤ v ac will be scattered to the contact ␣. It is interpreted as the displacement charge. 24 When E 11 is positive, e 2 E 11 behaves like an effective capacitance. And we have inductive behavior for the conductor when E 11 is negative. 24 For the convenience of numerical computation, we use the double-barrier height V 0 as units of energy and the corresponding wave length (ϭ2/ͱ2mV 0 /ប 2 ) as units of length. Hence we shall set the double barrier V 0 (x) to be of unit height in the numerical computation for the scattering wave functions and the scattering matrices. We denote the barrier width and well width by a and 2b, respectively. Therefore in these new units of energy and length, the Poisson equation ͑4a͒ reads
where the parameter ϭe
). It is clear that the parameter has considerable effect on the internal potential. The expression of here tells us that it is inversely proportional to the cross-sectional area of the leads A and has a nonlinear dependence on the barrier height V 0 .
III. NUMERICAL RESULTS AND DISCUSSION
We study the internal potential u(x) with various Fermi levels (ϭ L ϭ R ) and temperatures T. As aforementioned we use V 0 , the height of the double barrier V 0 (x), as units of energy and ϭ2/ͱ2mV 0 /ប 2 as units of distance. Here we consider several cases of barrier width a and well width 2b. From Eq. ͑4Ј͒, we know that the number density of electrons or charge-density distribution is given by
where
. As an example, we set A ϭ100 nm 2 ͑the cross-section area of the left and right leads͒ and V 0 ϭ100 meV, which means that ϭ7.02. With this value of , we numerically solve the Poisson equation ͑4Ј͒ for u(x), and Eq. ͑9͒ for n(x). As for the points of neutrality (x L and x R ), we set x L ϭϪ4 and x R ϭ4.
In Fig. 1 we plot ͉s 21 ͉ 2 against the incident energy E for aϭ1 and bϭ2. In the region EϽ1, one can find eight very sharp peaks with unit height. These peaks correspond to the resonant states, which indicate eight quasibound states in the quantum well and which are related to the bound states of the isolated well. For EϾ1, ͉s 21 ͉ 2 approaches 1 asymptotically and wavily.
In Fig. 2 we present plots of u(x) and n(x) at Tϭ0, for various Fermi energies . Figure 2͑a͒ corresponds to the case of aϭ1, bϭ2, and ϭ0.1. In this case, the incident energy ϭ0.7 is far from resonance. We see that u(x) ϭ1(0) on the left ͑right͒ side of the double barrier, and the shape of u(x) is almost a straight line inside the double barrier. This indicates that the charge distribution n(x) is nonzero only around the left and right barriers, as is shown by the curve ͑solid line͒. It is noticed that the charge distribution is antisymmetric with respect to the center of the double barrier (xϭ0). This implies that the charges accumulated around the left and right barriers are equal in magnitude but opposite in sign.
The parameters for Fig. 2͑a͒ are aϭ1, bϭ2, ϭ0.826 927, and Tϭ0. The incident energy ϭ0.826 927 corresponds to a resonant state in the double barrier and the peak of ͉s 21 ͉ 2 is equal to one ͑high transmission͒. The graph of u(x) is confined to 0.5 with very small fluctuations. The value of 0.5 is equal to the boundary values u(x L ) ͓ϭ(1 ϩ͉s 11 ͉ 2 )/2͔ and u(x L ) ͓ϭ(1Ϫ͉s 11 ͉ 2 )/2͔ as ͉s 11 ͉ 2 ϭ0 in this case. The charge distribution n(x) is very small ͑near zero͒ as indicated by the curve.
We set aϭ1, bϭ2, ϭ1.5, and Tϭ0 in Fig. 2͑c͒ . As the incident energy ϭ1.5, the reflection probability ͉s 11 ͉ 2 drops to 0.5. The curve of u(x) has lots of fluctuations beyond and within the double barrier. The charge distribution is large as shown by the charge-density curve ͑solid line͒ in this figure. We note again that the charge distribution is antisymmetric with respect to the center xϭ0. For very large incident energy , say, ϭ5, which is much higher than the unit barrier height ͓Fig. 2͑d͔͒, the curve of u(x) is strictly a con-FIG. 1. Plots of transmission probability ͉s 21 ͉ 2 against the incident energy of charge carriers. stant equal to 0.5 ͓ϭu(x L )ϭu(x R ) as ͉s 11 ͉ 2 ϭ0͔. We conclude that the charge distribution is zero around the double barrier. Now let us make a comparison of the charge responses among the situations of resonance, near resonance and far from resonance. In Fig. 3 , we present the results of the charge response for the different chemical potentials. We start from the resonant case ϭ0.826 927. As deviates from the resonant energies the charge-density distribution increases. However, as it deviates further, the charge-density distribution begins to decrease after reaching a maximum, and tends to the case of Fig. 2͑a͒ . So there is a maximum charge response between resonant and low transmission cases. Moreover, there are a lot of fluctuations in the curve of u(x) in the case of large charge response, and hence there is a large and antisymmetric charge distribution around the double barrier.
From the above results we can conclude that when the transmission probability ͉s 21 ͉ 2 is small ͑nonresonant case͒, the antisymmetrical charge distribution exists only around the double barrier as a response to the applied ac voltage, and the charges from one side of the conductor is driven to the other side. As the transmission is low, the charges on the other side cannot penetrate through the double barrier that leads to an antisymmetric charge distribution around the two barriers. On the other hand, for high transmission ͑resonant case with large peak, ͉s 21 ͉ 2 ϭ1) or the incident energy much higher than the barrier height, the above results show that the charge distribution around the double barrier is very small. We also expect this because in this case the carriers can penetrate through double barrier easily, thus the charges are driven by the ac voltage through the conductor neither staying around the barrier regions nor inside the conductor. Finally, for the case of near resonance with a large transmission probability but ͉s 21 ͉ 2 Ͻ1, we conclude from the above results that there is a considerable amount of charge distribution in the well region as well as on both sides beyond the double barrier. In this case the charges driven to the other side of the conductor can penetrate through the double barrier but with a small transmission probability. As a result, there is a considerable amount of charges distributed in the well region as well as beyond the double barrier. We emphasize that the fact that the charge distribution is antisymmetric is a result of overall charge conservation in the circuit. This point was also mentioned in previous works. 16, 23, 24 We next consider the temperature effect on u(x). First, we consider the case aϭ1, bϭ2, ϭ0.826 927 ͑resonant͒ ͓Fig. 4͑a͒ and 4͑b͔͒. The curves of u(x) are shown in Fig. 4͑a͒ for various temperatures T. The Tϭ0 curve is fixed at 0.5, as expected, the corresponding charge distribution is zero. As the temperature T increases, the boundary values of u(x L ) and u(x R ), which are given by the integral formula Eq. ͑6͒, approaches asymptotically to 1 and 0, respectively. The curves of u(x) is roughly constant beyond the double barrier and they drops to 0.5 in the well region. As a result, we have a quite large amount of charge distribution around the barrier regions, but inside the well the charge distribution is still small as in the case Tϭ0 ͓Fig. 4͑b͔͒. The effect of temperature on u(x) and n(x) is clearly due to the blurred Fermi distribution at high temperature. We also consider the two nonresonant cases, ϭ0.8262 and 0.7, which correspond the state of near resonance and far from resonance. For the case of near resonance, Fig. 5͑a͒ shows that the temperature has a slight effect on u(x), but Fig. 5͑b͒ shows that it has a large effect on the charge distribution in the well. In Fig. 6 , we present the results of u(x) and n(x) for the case far away from resonance. Furthermore, from Figs. 4-6, we can find that at high temperature the difference of the internal potential u(x) and charge density n(x) between the three cases become small, and it tends to vanish as the temperature increases further.
While the distribution of internal potential and charge density reveal the information of the system under investigation, the ac conductance of the double-barrier device may provide a result that is directly capable of being verified with experimental data. We calculate the ac conductance using Eqs. ͑7͒ and ͑8͒. In Fig. 7 we present the diagonal emittance E 11 as a function of chemical potential for aϭ1 and bϭ2. Figure 7͑a͒ shows E 11 at the neighborhood of the resonant energy ϭ0.826 927 for three temperatures Tϭ0,0.0001, and 0.001. For zero and very low temperatures, the diagonal element of the emittance is always positive ͑showing a capacitive behavior͒ when the Fermi energy is far from the resonant energy, but it is negative ͑showing an inductive behavior͒ when the Fermi energy is very close to the resonant energy. This is in agreement with the results obtained by Prêtre and Thomas 15 for a discrete model. Moreover, our results show that the capacitive peaks ͑positive maximum of E 11 ) correspond to the largest charge-density fluctuation ͑or charge response͒, and the inductive peak ͑negative maximum͒ to the resonant tunneling ͑zero charge fluctuation͒. This is in agreement with the work by Christen and Büttiker. 24 When temperature increases, both the capacitive and inductive peaks are smoothed and the amplitude of E 11 decreases sharply with the increasing temperature, and the capacitive peaks are pushed further away from the resonance. In addition, in Fig. 7͑b͒ and Fig. 7͑c͒ we also present the diagonal emittance near other resonant energies for zero temperature, and find similar behavior as shown in Fig. 7͑a͒ . However, with the decrease of the resonant energies, the peaks become narrower and higher. This is due to the fact that the resonant peak of ͉s 12 ͉ 2 is sharper for lower resonant energies, which leads to sharper peaks for LPDOS dn ␣␤ (x)/dE. When kTϭ0.001 (TӍ0.001 V 0 /kӍ1 K, where V 0 ϭ100 meV) the peak structure disappears basically, and E 11 shows a smooth dependence on . This effect originates from the blurred Fermi surface at finite temperature. We expect when kTՇ0.001 the temperature T starts to play a relevant role, and above this temperature there is no significant effect of temperature on the emittance. This can also be seen clearly from Figs. 9 and 10. On the other hand, as is well known, various scattering processes with the electrons, for example, phonon scattering and defect scattering, can also suppress the resonant peaks. The authors of Refs. 8 and 25 showed that the phonon scattering had a qualitative effect on ac conductance, but at high temperature it only causes a minor modification quantitatively. So we expect that only at sufficiently low temperature those scatterings start to play an appreciable effect on the emittance, and hence the estimated temperature should be below 1 K. Above this temperature those scatterings only play a quantitatively negligible effect on the emittance.
We present the diagonal emittance E 11 in Fig. 8 for the case of Ͼ1, at Tϭ0 and 0.01, respectively. In this case, the Fermi energy is above the barrier height, but the emittance still fluctuates. However, the amplitude of the fluctuation and the peaks height are much smaller compared to the case of Ͻ1. Except around ϭ1 and ϭ1.14 the emittance is positive and has capacitive peaks, while it is negative elsewhere, and for very large Fermi energy it tends to zero slowly. As shown in the case of Ͻ1, when the temperature increases the peaks around ϭ1 are suppressed greatly, but E 11 in this region of larger is affected slightly.
For a better display of the temperature dependence of the emittance E 11 , we plot E 11 against temperature for ϭ0.826 927 ͑inductive peak͒ and ϭ0.826 25 ͑capacitive peak͒ ͑see Fig. 9͒ . We see in Fig. 9͑a͒ that the inductive peak drops very fast as temperature increases from zero, due to the blurred Fermi distribution that allowed the nonresonant cases to contribute. E 11 drops to zero for high temperature as expected. In Fig. 9͑b͒ , we find that the capacitive peak drops very fast as temperature increases from zero and becoming an inductive peak ͑negative maximum͒ for temperature around 0.0005. This is an interesting point because the system undergoes a transition from capacitive behavior to inductive behavior as temperature grows.
Finally, we study the temperature dependence of the electrochemical capacitance C, which determines the piled-up charges for an applied ac voltage v ac . Using Eq. ͑8͒, we obtain
We plot the electrochemical capacitance C against the temperature, for mϭ0. ͓Fig. 10͑a͔͒, C is expressed in units of e 2 /(V 0 ), and it is very small at Tϭ0, as has been pointed out above. As the temperature increases, C rises to a peak and then it goes off fast when the temperature increases further. The peak is obviously due to the blurred Fermi distribution function that allows the nonresonant carriers to contribute. In Fig. 10͑b͒ , ϭ0.826 25 ͑large transmission probability but ͉s 21 ͉ 2 Ͻ1), C is large at Tϭ0. This is expected as there is a considerable amount of piled-up charges on one side of the double barrier. When T increases, the Fermi distribution is blurred and C drops very fast to small value. By comparing Figs. 9 and 10, we conclude that generally the displacement charges E 11 and the electrochemical capacitance C are different from each other. This is similar to the case of quantum point contact discussed by Christen and Büttiker. in Ref. 24 . However, positive maximum E 11 ͑capacitive͒ corresponds to largest C, while negative maximum E 11 ͑inductive͒ to very small C.
It should be pointed out that our calculation is only for a one-dimensional system and the charge in contacts has not been taken into consideration, and, therefore, the variation of the potential near the contacts is ignored. However, a realistic device is always connected to two-or three-dimensional contacts ͑electron reservoirs͒, and the variation of the potential near the contacts will give rise to charge distribution and accumulation. As Büttiker and Christen 26 noted, a more realistic treatment for such device may lead to a capacitive contribution.
IV. CONCLUSION
In conclusion, using the formalism developed by Büttiker et al. and within the framework of a continuous model, we have studied the dynamic response of the symmetric doublebarrier resonant tunneling nanostructures, including internal potential, charge-density response and ac conductance. The results of the internal potential and the charge density show that the induced charge density has an antisymmetrical distribution profile about the well center. When the transmission probability is small ͑far from resonance͒, the antisymmetrical charge distribution exists only around the barrier regions as a response to the applied ac voltage. For the case of near resonance with a large transmission probability ͑but ͉s 21 ͉ 2 Ͻ1), we find a considerable amount of charge distribution in the well region as well as on both sides beyond the double barrier. As for the resonant case or the incident energy much higher than the barrier height, our results show that the charge distribution around the double barrier is almost zero. It is found from the ac conductance that the diagonal emittance element E ␣a has a crucial dependence on the Fermi level. When the Fermi energy is within the barrier height but close to the resonant energies, the emittance is negative ͑in-ductive behavior͒, and it reaches an inductive peak at resonant energies, while the Fermi energy is far from resonant energies, the emittance is positive ͑capacitive behavior͒ showing two capacitive peaks around both sides of the inductive peak. These results are in agreement with that in Ref. 15 . In addition, we find that the capacitive peaks correspond to the maxima of charge-density fluctuation, while the induc- tive peaks correspond to zero charge-density distribution, which agrees with the works of Christen and Büttiker. 24 We have also studied the effect of temperature on these responses, and found that the resonant effect of the system is suppressed greatly as the temperature increases and it disappears at sufficiently high temperature. So, only when the temperature is sufficient low ͑in our case Tϭ1 K), the temperature T starts to play a relevant role. Our results also show that for the case of capacitive peaks, there is a rapid transition from capacitive to inductive behavior for the conductor as temperature increases.
Finally, we should point out that our calculation is only for a one-dimensional system, and the charge in contacts has not been taken into account in our model. However, a realistic device is always connected to two-or three-dimensional ͑3D͒ contacts ͑electron reservoirs͒, and the variation of the potential from the wires to the contacts will give rise to charge distribution in the contacts. Our calculations indicate that the strong variation of the potential corresponds to large charge fluctuation and results in large capacitive contribution to the emittance. Therefore, as Büttiker and Christen have pointed out, 26 a more realistic treatment for such device including contacts may lead to a capacitive contribution. Whereas, our results for the 1D double barrier model show that the emittance exhibits an inductive peak when the Fermi energy is in resonance, where the variation of the potential and the charge accumulation around the double barrier are almost zero. In this case, there is not any potential drop along the wires, and the potential is constant: U(x)ϭ␦/2, and there is a potential drop of ␦/2 from the two contact to the corresponding wires, resulting in the charge accumulation ͑in the transition region from the contacts to the wires͒ and a considerable capacitive contribution to the emittance. In such situation the contact effect has a considerable influence on the measurement of ac conductance. When the Fermi energy is far from resonance, our results show that the potential of the left wire is ␦ and that of the right wire is 0, so there would be almost zero potential drop from the two contacts to corresponding wires, and the contact effect has no appreciable influence on the measurement for ac conductance. In general, for a high transmission probability of the double barrier, the potential variation near the contacts would make a considerable capacitive contribution.
